Increasing evidence suggests that aldosterone is implicated in the pathogenesis of cardiovascular diseases. We examined whether aldosterone contributes to the cyclic stretch (CS)-induced reactive oxygen species (ROS) generation in rat aortic smooth muscle cells (RASMCs). RASMCs were exposed to uniaxial CS and thereafter collected to evaluate the expressions of mRNA or protein relating aldosterone synthesis and the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity. CS strength-dependently enhanced NADPH oxidase activity. CS induced cytochrome P450 aldosterone synthase (CYP11B2) and increased aldosterone synthesis but did not influence the levels of 11b-hydroxysteroid dehydrogenase 2 and mineralocorticoid receptor (MR). This CYP11B2 induction was almost completely suppressed by treatment with an extracellular signal-regulated kinase (ERK) inhibitor, U0126, whereas olmesartan, an angiotensin II (Ang II) receptor blocker (ARB), only partially suppressed CS-induced CYP11B2 expression and ERK phosphorylation. A selective MR antagonist, eplerenone (10 lmol l À1 ), significantly attenuated the CS-induced NADPH oxidase activation even in the presence of ARBs. In conclusion, aldosterone synthesis, which is partially independent of Ang II, may have an important role in CS-stimulated ROS generation in cultured RASMCs. We also suggest the potential benefit of eplerenone in the treatment of cardiovascular diseases.
INTRODUCTION
Vascular smooth muscle cells (VSMCs) are persistently exposed to pulsatile stretch. Although physiological levels of pulsatile stretch may be required to maintain homeostasis in blood vessels, accumulating evidence has revealed that excessive stretch stimuli associated with hypertension promote atherosclerosis. It has been reported that mechanical stretch stimulates VSMC proliferation 1 and apoptosis, 2 and enhances the expression and activity of matrix metalloproteinase 2, which has a central role in the reorganization of the extracellular matrix. 3 Reactive oxygen species (ROS) seem to be important mediators in atherogenesis. Increased production of ROS stimulates the oxidation of low-density lipoprotein, 4 which has a central role in the initiation and development of atherosclerosis. ROS have also been reported to promote atherosclerosis by inducing inflammation, endothelial dysfunction and abnormal VSMC proliferation. 5 Recent studies have suggested that pulsatile stretch stimulates the generation of ROS through the activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase in human VSMCs. 3, 6 Furthermore, it has been revealed that this NADPH oxidase activity is induced mainly through angiotensin II (Ang II), 7 which evokes local vascular wall inflammation by inducing the production of pro-inflammatory cytokines and chemokines, growth factors and adhesion molecules.
Aldosterone is downstream of Ang II in the renin-angiotensinaldosterone system. Aldosterone has been considered to be synthesized mainly in the adrenal gland and implicated in blood pressure control by regulating renal sodium transport. However, recent studies have suggested that aldosterone is also synthesized in the cardiovascular system and is involved in local tissue injury such as Ang II. Indeed, patients with primary aldosteronism had a higher risk of cardiovascular events than those with essential hypertension. 8 A pharmacological blockade of aldosterone reduced cardiovascular mortality in patients with congestive heart failure. 9 Aldosterone is synthesized from corticosterone by cytochrome P450 aldosterone synthase (CYP11B2) and exerts its effect by binding to mineralocorticoid receptor (MR). Although MR has almost the same affinity for glucocorticoids as cortisol and corticosterone, 11b-hydroxysteroid dehydrogenase 2 (11b-HSD2) regulates the selectivity in relation to aldosterone by transforming glucocorticoids into inactivated forms. Recent studies have indicated that CYP11B2 is expressed in VSMCs 10 and that aldosterone activates NADPH oxidase, 11, 12 suggesting that local aldosterone production in the vascular wall contributes to the generation of ROS and to the subsequent formation of atherosclerotic lesions; however, it has not been investigated whether mechanical stretch influences the production and effect of aldosterone in VSMCs.
Thus, in this study, we investigated the effect of cyclic stretch (CS) on aldosterone synthesis and NADPH oxidase activity in VSMCs. We also tested the effect of eplerenone, a new selective MR antagonist, alone or in combination with Ang II receptor blockers (ARBs), on the CS-induced activation of NADPH.
METHODS Chemicals
Eplerenone, olmesartan and valsartan were kindly supplied by Pfizer Inc. (New York, NY, USA), Sankyo Co. (Tokyo, Japan) and Novartis Pharma KK (Basel, Switzerland), respectively. Spironolactone, SB203580 and 11-deoxycorticosterone acetate were purchased from Sigma-Aldrich (St Louis, MO, USA). U0126 was purchased from Cell Signaling Technology (Beverly, MA, USA). SP600125 was purchased from Biomol Research Laboratories (Plymouth, PA, USA).
Cell culture
The investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication no. 85-23, revised 1996). Rat aortic smooth muscle cells (RASMCs) isolated from the thoracic aorta of male Sprague-Dawley rats by explants were maintained in growth medium (Dulbecco's modified Eagle's medium (1000 mg glucose/l) (Sigma-Aldrich) containing 10% fetal bovine serum (Life Technologies, Gaithersburg, MD, USA), 100 U ml À1 penicillin G and 0.1 mg ml À1 streptomycin). RASMCs between passages 3 and 10 were used for experiments after 24 h of serum starvation.
CS apparatus
RASMCs (1Â10 6 ) were seeded in a silicon chamber (32 mm length, 32 mm width and 10 mm depth) pre-coated with 50 mg ml À1 bovine plasma fibronectin (Sigma-Aldrich). RASMCs were incubated with growth medium for 24 h and, thereafter, the medium was replaced with starvation medium (Dulbecco's modified Eagle's medium containing 0.1% bovine serum albumin). After serum deprivation for 24 h, the medium was again replaced with fresh starvation medium and the cells were exposed to uniaxial CS (5-20% elongation, 0.5 Hz) using NS-750 (Strex, Osaka, Japan), as previously described, 13 at 37 1C in a humidified atmosphere of 95% air/5% CO 2 . Control RASMCs (static control) were starved in the same manner as CS cells and were placed in fresh starvation medium before being maintained in an incubator.
Measurement of NADPH oxidase activity
NADPH oxidase activity was measured by determining the chemiluminescence of lucigenin (5 mmol l À1 ; Sigma) as previously described, 14 with minor modifications. Briefly, cells were lysed by sonication and centrifuged for 10 min at 8000 g. The supernatant was further centrifuged for 1 h at 100 000 g. The pellet was used as the membrane fraction. The membrane protein (10 mg) was resuspended in a balanced salt solution of the following composition (mmol l À1 ): NaCl, 128; KCl, 2.5; MgSO 4 , 1.0; CaCl 2 , 2.7; HEPES, 20; glucose, 16; pH 7.4. To prevent nonspecific chemiluminescence, 5 ml of EGTA (100 mmol l À1 ) and 5 ml of NaN 3 (100 mmol l À1 ) were added; 5 ml of flavin adenine dinucleotide (1 mmol l À1 ) was also added as a substrate, and then 50 ml of lucigenin (50 mmol l À1 ) was added to the cell suspension and incubated at 37 1C for 5 min in the dark. Immediately after 25 ml of b-NADPH (10 mmol l À1 ) was added, chemiluminescence was measured using a Luminometer (LB9507, Berthold, Bad Wildbad, Germany). Superoxide dismutase (50 U) (Sigma) was added to stop superoxide production.
Reverse-transcription PCR
Total cellular RNA was extracted with TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). Reverse-transcription PCR was performed using Ready-To-Go RT-PCR beads (Amersham-Pharmacia Biotech, Piscataway, NJ, USA) as previously described. 15 On the basis of the GenBank database, the PCR primers were used as follows: p22, 5¢-CATTGCCAGTGTGATCTACC-3¢ and 5¢-ATTA CAGTGGGCATCACC-3¢; Nox1, 5¢-GGTCAAACAGAGGAGAGCATGA-3¢ and 5¢-CCAGCACAGCCACTTCATAC-3¢; Nox2, 5¢-GCTGTTCAATGCTTGTGG CT-3¢ and 5¢-TCTCCTCATCATGGTGCACA-3¢; Nox4, 5¢-ATTTTCTCA GGCGTGCATGTGG-3¢ and 5¢-GGAAATGAGCTTGGAACTTGGG-3¢; p47 phox , 5¢-TACTTCAACAGCCTCATGGGAC-3¢ and 5¢-AGTAGCCTGTGACGTCG TCT-3¢; p67 phox ,5¢-CCACTCGAGGATTTGCTTCA-3¢ and 5¢-ATCTTGGAA TGCCTGGGCTC-3¢; NOXO1, 5¢-GCCTGCTACGGAGATCTGA-3¢ and 5¢-TT CTCCACCAGCCACCAGCCT-3¢; NOXA1, 5¢-CACGGTCATCAAAGTTCTA GCC-3¢ and 5¢-GGAGACTTGAGACAGTAGT-3¢ and GAPDH, 5¢-CGGAGTC AACGGATTTGGTCGTAT-3¢ and 5¢-AGCCTTCTCCATGGTGGTGAAGAC-3¢. Primers for CYP11B2, 11b-HSD2 and MR were designed as previously described. 16, 17 Cycle numbers were 35 for Nox2, p47 phox , p67 phox , NOXO1, NOXA1 and MR, 30 for Nox1, CYP11B2 and 11b-HSD2, 28 for Nox4 and 24 for GAPDH. Each mRNA level was normalized to that of GAPDH and is given as the fold increase against the basal values.
Western blotting
Cells were harvested with a Laemmli sample buffer containing 100 mmol l À1 dithiothreitol. Total lysate was sonicated and boiled, and thereafter samples (10 mg per lane) were separated by SDS-PAGE with a 10% polyacrylamide gel and transferred to a nitrocellulose membrane using a Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad, Richmond, CA, USA). After blocking with 5% skim milk for 1 h, the membrane was probed with a primary antibody. Polyclonal antibodies for phosho-ERK1/2 (Cell Signaling Technology), ERK1/2 (Cell Signaling Technology), phosho-JNK1/2 (Cell Signaling Technology), JNK1/2 (Upstate Biotechnology Inc., Lake Placid, NY, USA) and p38 (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), and monoclonal antibodies for phosho-p38 (Santa Cruz Biotechnology Inc.) and CYP11B2 (Chemicon, Temecula, CA, USA) and b-actin (Calbiochem, La Jolla, CA, USA) were used. The membrane was washed three times and incubated with horseradish peroxidase-conjugated anti-rabbit IgG (Cell Signaling Technology) or antimouse IgG (Cell Signaling Technology) for 1 h. Immunoreactive proteins on the membrane were visualized by treatment with a detection reagent (Lumi-GLO; Cell Signaling Technology). An optical densitometric scan was performed using Science Lab 99 Image Gauge Software (Fuji Photo Film, Tokyo, Japan).
Measurement of aldosterone concentration
Aldosterone concentrations were measured using an enzyme immunoassay kit (Cayman Chemical Corp., Ann Arbor, MI, USA). After cells were exposed to CS or cultured in static conditions, the culture medium was collected. Cells were collected by scraper and sonicated. The culture medium (50 ml) and cellular sample (1Â10 6 cells per 50 ml) were diluted with enzyme immunoassay buffer (450 ml) and used directly in the assay according to the manufacturer's instructions.
Cell proliferation assay
To assess RASMC proliferation, we used the BrdU Cell Proliferation Assay (Exalpha Biologicals Inc., Watertown, MA, USA) according to the manufacturer's protocol. RASMCs were cultured in static condition or were exposed to CS (10%, 0.5 Hz) in the absence or presence of eplerenone (10 mmol l À1 ) for 6 h, and thereafter the cells were incubated overnight in culture medium containing 5-bromo-2-deoxyuridine (2 ml ml À1 ). The uptake of 5-bromo-2-deoxyuridine was determined with a spectrophotometer (Bio-Tek Instruments, Highland Park, VT, USA) and normalized to the amount of cellular protein, which was measured in parallel samples according to the method of Lowry.
Statistics
Data are expressed as the mean±s.d. for three or four independent experiments. Statistical significance among groups was assessed with one-way or two-way analysis of variance. When a significant difference was observed in analysis of variance, the difference between two groups was analyzed by appropriate post hoc analysis.
Cyclic stretch and aldosterone T Ohmine et al RESULTS CS increased NADPH oxidase activity and Nox1 mRNA expression First, we examined whether uniaxial CS stimulates NADPH oxidase activity in VSMCs as reported in previous papers. 3, 6 CS (0.5 Hz) strength-dependently increased NADPH oxidase activity in RASMCs 2 h after stimulation, although 5% extension did not influence it ( Figure 1a ). An extension of more than 20% impaired cell adhesion and therefore the activity could not be measured. We also examined the effect of CS (10%, 0.5 Hz) on the mRNA expression of NADPH oxidase subunits, that is membrane components Nox1, Nox2, Nox4 and p22 phox , and cytosol components p47 phox and p67 phox , and their homologs Nox organizer 1 (NOXO1) and Nox activator 1 (NOXA1). In non-stimulated RASMCs, Nox1, Nox4, p22 phox and NOXA1 were clearly detected, although the expression of Nox2, p67 phox and NOXO1 was undetectable, and the level of p47 phox was very low. CS (10%, 0.5 Hz) significantly increased the mRNA expression of Nox1, whereas that of the other subunits was unaffected (Figure 1b) .
CS increased the expression of CYP11B2 and aldosterone production
To test whether CS influences the production of aldosterone in VSMCs, we examined the effect of CS on the expression of CYP11B2, 11b-HSD2 and MR, which contribute to the production or effect of aldosterone. CS (10%, 0.5 Hz) significantly increased the CYP11B2 mRNA expression 30 min after stimulation (Figure 2a ), whereas it did not alter the levels of 11b-HSD2 and MR. CS (10%, 0.5 Hz) also significantly increased the CYP11B2 protein level; however, the expression level was much lower (11.7 times) in static RASMCs than in the adrenal gland (Figure 2b ). This effect was dependent on the strength of the stretch, with a maximal effect being obtained at 15% (Figure 2c ).
To further examine whether CS actually stimulates aldosterone production, we measured the concentration of aldosterone by enzyme immunoassay. Aldosterone concentrations in CS-exposed cells and cell culture medium were below the detected level; however, when measured in the presence of 11-deoxycorticosterone, an aldosterone substrate for CYP11B2, a marked increase in the concentration of aldosterone was observed in the cells (Figure 2d ), although aldosterone was still undetectable in the culture medium (data not shown). However, when RASMCs were cultured with a mixture of culture medium and cell lysate obtained from CS-stimulated cells, NADPH oxidase activity was significantly increased when compared with cells cultured with those from static conditioned cells (Figure 2e ). Cyclic stretch and aldosterone T Ohmine et al
As aldosterone exerts its hormonal effects through binding to MR, we subsequently examined whether antagonizing MR is able to suppress CS-induced cellular responses. As shown in Figure 2f , exposure to CS for 6 h significantly increased RASMC proliferation evaluated by 5-bromo-2-deoxyuridine incorporation compared with control (static) cells and, furthermore, a selective MR antagonist, eplerenone (10 mmol l À1 ), significantly suppressed CS-induced cell proliferation. These results indicate the possibility that a very small amount of aldosterone induced by CS stimulates NADPH oxidase activation and subsequent cellular responses in RASMCs. RASMCs were exposed to CS (10%, 0.5 Hz) in the presence or absence of U0126 (10 mmol l À1 ) for the periods indicated. The normalized mRNA level of Nox1 is given as the fold increase over the value obtained at time 0. *Po0.01. (d) Effect of U0126 on CS-induced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity. RASMCs were exposed to CS (10%, 0.5 Hz) for 2 h in the presence or absence of U0126. NADPH oxidase activity is shown as the fold increase over the value obtained from the static control (Ctr) without U0126. *Po0.01.
Involvement of ERK in CS-induced CYP11B2 expression
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T Ohmine et al kinase (JNK) and p38, are activated by CS in VSMCs [18] [19] [20] and also contribute to CYP11B2 expression. 21, 22 Therefore, we subsequently investigated whether MAPKs are involved in CS-induced CYP11B2 expression. CS (10%, 0.5 Hz) transiently activated ERK; however, the activation of JNK and p38 was not altered (Figure 3a) . Pre-treatment with the ERK1/2 inhibitor, U0126, almost completely suppressed CS-induced CYP11B2 expression (Figure 3b) , whereas, by contrast, a p38 inhibitor, SB203580, and a JNK1/2 inhibitor, SP600125, did not affect the expression. U0126 also suppressed the CS-induced expression of Nox1 (Figure 3c ) and NADPH oxidase activity (Figure 3d ), suggesting that ERK has a key role in the expression of CYP11B2 induced by CS.
Aldosterone increased NADPH oxidase activity
To confirm the effect of aldosterone on NADPH oxidase activity, RASMCs were treated with exogenous aldosterone (100 nmol l À1 ). Aldosterone significantly increased both Nox1 mRNA expression and NADPH oxidase activity (Figures 4a and b) . We subsequently examined whether antagonizing MR is able to suppress aldosteroneinduced NADPH oxidase activity. When we treated RASMCs with eplerenone (10 mmol l À1 ), aldosterone-induced increases in Nox 1 expression and NADPH oxidase activity were strongly suppressed (Figures 4c and d) , suggesting that aldosterone stimulates NADPH oxidase activity mainly through MR. By contrast, eplerenone did not affect the CS-induced CYP11B2 expression and ERK phosphorylation (data not shown).
ARB inhibited CS-induced CYP11B2 expression and NADPH oxidase activity
Ang II is a major stimulator of aldosterone synthesis that has also been reported to have an important role in NADPH oxidase activity. To determine whether Ang II is involved in the CS-mediated production of aldosterone and activation of NADPH oxidase, we examined the effect of an ARB, olmesartan. Ang II (100 nmol l À1 ) increased the ERK phosphorylation ( Figure 5a ) and Nox 1 expression (Figure 5b ) in RASMCs. Ang II also induced CYP11B2 expression, although the effect was relatively small (Figure 5c ). U0126 almost completely suppressed the Ang II-induced expression of Nox 1 and CYP11B2 (Figures 5b and c) . In RASMCs exposed to Ang II, olmesartan at concentrations of 10 nmol l À1 and above almost completely suppressed Ang II-stimulated NADPH oxidase activity (Figure 5d ). Pre-treatment with 100 nmol l À1 of olmesartan significantly, but not completely, suppressed CS-induced CYP11B2 expression (Figure 5e ). As shown in Figure 5f , olmesartan significantly but not completely suppressed the CS-induced ERK1/2 phosphorylation, suggesting that CS-induced CYP11B2 expression through the activation of ERK is partially dependent on Ang II, although other Ang II-independent pathways may also exist.
Additive effects of aldosterone on Ang II-induced ERK phosphorylation, Nox1 expression and NADPH oxidase activity We further examined whether aldosterone has additive effects on ERK phosphorylation, Nox1 expression and NADPH oxidase activity when Ang II-stimulated cells without Olm (closed bar). (e) Effect of Olm on cyclic stretch (CS)-induced CYP11B2 expression. RASMCs were exposed to CS (10%, 0.5 Hz) in the presence of 100 nmol l À1 of Olm (CS+Olm) or 10 mmol l À1 of U0126 (CS+U). The normalized CYP11B2 expression is given as the fold increase over the value obtained from static control cells (Ctr). *Po0.01. (f) Effect of olmesartan (Olm) on CS-induced ERK phosphorylation. RASMCs were exposed to CS (10%, 0.5 Hz) in the absence or presence of Olm (100 nmol l À1 ) for the periods indicated. The phosphorylation ratio is shown as described in Figure 3a . *Po0.01 vs. CS at each time.
Cyclic stretch and aldosterone T Ohmine et al cells were co-treated with Ang II. Aldosterone (100 nmol l À1 ) significantly increased ERK phosphorylation in RASMCs (Figure 6a ). When co-treated with Ang II (100 nmol l À1 ), ERK phosphorylation tended to increase at 10 and 30 min after stimulation, but was not significant statistically. However, 60 min after stimulation, it significantly increased in RASMC co-treated with Ang II and aldosterone compared with Ang II alone (Figure 6b ). The Nox1 expression (Figure 6c ) and NADPH oxidase activation ( Figure 6d) were also enhanced by cotreatment with aldosterone compared with Ang II alone.
MR antagonists inhibited CS-induced NADPH oxidase activity
We examined whether CS-induced production of aldosterone contributes to NADPH oxidase activity using MR antagonists. Both eplerenone and spironolactone attenuated the CS-induced activity (Figures 7a and b) . Similarly, Nox1 mRNA expression induced by CS was suppressed by eplerenone ( Figure 7c ). We also examined the effect of co-treatment with eplerenone and ARBs on CS-induced NADPH oxidase activity. Olmesartan and valsartan suppressed the CS-induced activity to a similar extent as eplerenone; however, co-treatment with eplerenone had an additive suppressive effect on ARBs (Figure 7d ).
DISCUSSION
In this study, we showed for the first time that CS increased the expression of CYP11B2 in VSMCs. Although the levels of CYP11B2 were much lower in VSMCs than in the adrenal gland and CS could not increase the concentration of aldosterone above the level detectable by enzyme immunoassay, a marked increase in aldosterone concentrations was observed in CS-exposed cells in the presence of the substrate of aldosterone, 11-deoxycorticosterone. CS as well as exogenous aldosterone enhanced NADPH oxidase activity, which has an important role in ROS production in the vascular wall and, furthermore, the MR antagonists, spironolactone and eplerenone, significantly suppressed the CS-induced increase in NADPH oxidase activity. These results suggest that local aldosterone synthesis by CS contributes to the activation of NADPH oxidase through MR in VSMCs. Although the role of locally produced aldosterone in the vascular wall is controversial because of its small quantity, recent reports have indicated that vascular aldosterone potentiates Ang IIinduced hypertrophy 10 or proliferation 23 of cultured VSMCs. The CS-induced upregulation of CYP11B2 expression and the inhibitory effects of the MR antagonist on CS-induced NADPH oxidase activity shown in this study suggest that a locally produced but very small amount of aldosterone contributes to CS-induced NADPH oxidation in the vascular wall.
NADPH oxidase is a multisubunit complex consisting of membrane-bound and cytosolic components, and in VSMCs, the expression of p22 phox , Nox1, Nox2 (gp91 phox ), Nox4 (membrane-bound components) and p47 phox 6 (cytosolic components) has been reported. 24 In our RASMCs, the expression of Nox2 and p47 phox was undetectable or quite low as previously described. [25] [26] [27] CS significantly increased the expression of Nox1 but not of the other subunits. Although several different mechanisms were proposed regarding the regulation of NADPH oxidase activity in VSMCs, 
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Nox1 is the only subunit of NADPH oxidase whose expression is reported to be inducible by various stimuli, such as Ang II, serum, platelet-derived growth factor 24 and prostaglandin F 2a . 28 Our data suggest that CS stimulates NADPH oxidase activity by inducing the expression of Nox1. Recent reports suggest that mitogen-activated protein kinases contribute to aldosterone production. 18, 19 Our results show that the phosphorylation of ERK1/2, but not of JNK or p38, is enhanced by CS. The ERK inhibitor, U0126, almost completely suppressed the CS-induced expression of CYP11B2, indicating that CS induces expression through the phosphorylation of ERK1/2. We also show that Ang II enhanced ERK1/2 phosphorylation, NADPH oxidase activity and Nox1 expression in RASMCs as well as CS. Ang II also increased CYP11B2 expression in RASMCs, although the effect was relatively small (Figure 5c ). However, olmesartan could only partially suppress CS-induced ERK1/2 phosphorylation and CYP11B2 expression, whereas the effect of U0126 was almost complete. Therefore, the CS-mediated expression of CYP11B2 induced through the phosphorylation of ERK1/2 seemed to be partially mediated by Ang II, but Ang II-independent pathways may also exist. Although the mechanism remains unclear, Ang II-independent aldosterone production has been suggested. In half of the patients with essential hypertension treated with angiotensin-converting enzyme inhibitors, despite sufficient suppression of the plasma Ang II concentration, aldosterone secretion was not suppressed, 29 a phenomenon usually called the 'aldosterone breakthrough.' In hypertensive rats, an aldosterone antagonist has been shown to facilitate the cardioprotective effects of angiotensin receptor blockers. 30 Our results suggest one mechanism for Ang IIindependent aldosterone production in VSMCs.
The above findings led us to investigate whether an aldosterone antagonist is able to suppress CS-stimulated NADPH oxidase activity independent of Ang II. Figure 6d clearly shows that eplerenone suppressed the CS-induced activation of NADPH oxidase to a similar extent as ARBs and, furthermore, that co-treatment with eplerenone and ARBs potentiated the suppressive effect. A recent study using an animal model found that eplerenone reduced atherosclerosis by attenuating oxidative stress partially independent of Ang II. 31 Consistent with this report, our results show the additional effects of eplerenone with ARBs.
Taken together, our data suggest that CS enhances CYP11B2 expression through ERK1/2 phosphorylation dependent on or independent of Ang II and that synthesized aldosterone contributes to ROS generation in the vascular wall (Figure 8 ). Our data show that aldosterone itself activated ERK1/2 in VSMCs as reported in a recent study. 32 Furthermore, it has also been reported that aldosterone induces angiotensin-converting enzyme (ACE) gene expression, which is required for Ang II production in cultured rat cardiocytes. 33 Under conditions with excessive stretch stimuli such as hypertension, aldosterone induction in the cardiovascular system may activate these complicated positive feedback loops, resulting in the enhancement of ROS generation and subsequent local vascular wall injury. The suppressive effect of eplerenone on CS-induced NADPH oxidase activation even in the presence of ARBs shown in this study suggests the usefulness of MR antagonists not only in the treatment of high blood pressure but also in the prevention and/or treatment of atherosclerotic complications. Cyclic stretch and aldosterone T Ohmine et al
